The relationship between synoptic circulation patterns over the western North Atlantic Ocean in spring (March, April, and May) and tropospheric O 3 and CO was investigated using retrievals from the Tropospheric Emission Spectrometer (TES) for 2005 and 2006. Seasonal composites of TES retrievals reprocessed to remove the artificial geographic structure added from the a priori revealed a channel of slightly elevated O 3 (>55 ppbv) and CO (>115 ppbv) at the 681 hPa retrieval level between 30 • N and 45 • N extending from North America out over the Atlantic Ocean. Ozone and CO in this region were correlated at r=0.22 with a slope value of 0.13 mol mol −1 indicative of the overall impact of photochemical chemical processes in North American continental export. Composites of TES retrievals for the six predominant circulation patterns identified as map types from sea level pressure fields of the NCEP FNL analyses showed large variability in the distribution of tropospheric O 3 . Map types MAM2 and MAM3 featuring cyclones near the US east coast produced the greatest export to the lower free troposphere with O 3 >65 ppbv and a relatively well-defined O 3 -CO correlation (slope values near 0.20 mol mol −1 ). The ensembles of HYSPLIT backward trajectories indicated that the high O 3 levels were possibly a result of pollutants lofted to the free troposphere by the warm conveyor belt (WCB) of a cyclone. An important finding was that pollutant export occurred in the main WCB branch to the east of the cyclone and in a secondary branch circling to the back of the cyclone center. Conversely, a map type featuring a large anticyclone dominating the flow over the US east coast (MAM6) restricted export with O 3 levels generally <55 ppbv and CO levels generally <110 ppbv. There was also evidence of stratospheric intrusions particularly to the north of 45 • N in the 316 hPa composites predominately Correspondence to: J. Hegarty (jhegarty@ccrc.sr.unh.edu) for MAM1 which featured a large cyclone near Newfoundland. However, the concurrence of these intrusions with pollutant export, specifically in the southwestern North Atlantic Ocean, made it difficult to delineate their respective contributions to the 681 hPa O 3 composites.
Introduction
An important and ongoing area of research is the quantification of air pollutant outflow from North America and identification of the meteorological processes that govern the continental export. North American outflow can travel from within the continental boundary layer to the North Atlantic Ocean by low-level westerly winds, and portions of these plumes may be incorporated into the marine free troposphere because of the difference in continental and marine boundary layer structure (Angevine et al., 2004; Rodrigues et al., 2004) . This scenario enables O 3 to be slowly transported across the Atlantic Ocean (∼10 days transport times in summer months) at low levels (2-4 km) but cut-off from the destructive (halogen) chemistry of the MBL (Owen et al., 2006) . Pollutants may also be transported from the continental boundary layer in a warm conveyor belt (WCB) of a synoptic-scale mid-latitude cyclone into streams of fast moving middle and upper tropospheric westerly winds (Eckhardt et al., 2004; Crielson et al., 2003; Stohl et al., 2003a) . Some WCBs originating over North America can transport O 3 and precursors to the free troposphere over Europe within 4-5 days (Stohl et al., 1999 (Stohl et al., , 2003a where descending motions carry them back toward the surface causing groundlevel O 3 mixing ratios to rise, but so far this has only been observed at high elevation sites in the Alps (Huntrieser et al., 2005) . However, the same cyclones responsible for lofting O 3 -forming anthropogenic pollutants from the continental boundary layer to the free troposphere may also mix down O 3 of stratospheric origin, which inevitably complicates the quantification of the tropospheric O 3 budgets (Cooper et al., 2001 (Cooper et al., , 2002 Moody et al, 1996; Merrill et al., 1996; Oltmans et al., 1996; Polvani and Esler, 2007) . Thus information on the 3-dimensional distribution of O 3 and its precursors as well as the air mass transport history are required to ascertain the contributions of the various sources to observed O 3 levels.
A number of field missions (e.g., NARE, NEAQS2002, and INTEXA/ICARTT2004) have been dedicated to understanding the composition of North American outflow (e.g., Parrish et al., 1993 Parrish et al., , 1998 Banic et al. 1996; Berkowitz et al., 1996; Cooper et al., 2001 Cooper et al., , 2002 Cooper et al., , 2005 Fehsenfeld et al., 2006; Singh et al., 2006; Mao et al., 2006) . In many of these studies critical vertical information was obtained via highly coordinated measurement programs involving ozonesonde networks, ships and aircraft. However, these observations were only feasible for short intensive study periods over limited areas and were sparse in overall density. Therefore long-term continuous measurements over extensive areas are highly desirable to fill this critical data gap.
A few modeling studies have complimented the field campaigns by examining 3-dimensional distributions of O 3 over the North Atlantic and Europe as a result of North American outflow for extended periods (Kasibhatla et al., 1996; Jacob et al., 1993; Li et al., 2005; Auvray and Bey, 2005) . However, uncertainties in emissions profiles, the lack of observations for the initialization of chemical fields, and the inherent uncertainties in the modeling of atmospheric circulations and chemical processes present significant challenges in interpretation of the results (Auvray et al., 2007) .
The tropospheric ozone (O 3 ) column abundance sheds insight on the influence of anthropogenic activities on the global atmospheric composition. For decades the tropospheric O 3 column was estimated based on the satellite measurements of the total column and the stratospheric profile due to lack of tropospheric vertical profiles (Fishman et al., 1990 (Fishman et al., , 2005 Creilson et al., 2003; Stohl et al., 2003a) . These estimates were highly uncertain, and it was difficult to obtain an understanding of vertical transport of surface pollutants and stratospheric intrusions.
The launch of EOS-AURA on 15 July 2004 with the Tropospheric Emission Spectrometer (TES) onboard, enabled for the first time quantification of the tropospheric column and profile of O 3 . TES is a Fourier transform infrared spectrometer designed to measure global distributions of tropospheric O 3 and its precursors such as carbon monoxide (CO) (Beer et al., 2001) . These measurements may prove to be crucial for the study of many global air quality problems, including the estimation of intercontinental transport (ICT) of pollutants exported from North America.
The ultimate application of TES measurements is to help address some of these challenges by providing a continuous independent 3-dimensional observational data base for comparison with other observations and model simulations, and to improve model performance through data assimilation techniques. However, they must first be thoroughly examined and evaluated for accuracy and information content. Such efforts are currently ongoing and have included the statistical validation of TES O 3 profiles against global sets of ozonesondes Nassar et al., 2008) and comparisons with aircraft and ground-based measurements over the highly polluted regions such as Mexico City (Shim et al., 2007) . Zhang et al. (2006) have examined North American export and found a positive correlation between lowermiddle tropospheric TES O 3 and CO downwind of the US for July 2005. However, a yet unexplored critical issue to the study of North American export is what these measurements suggest corresponding to the highly variable circulation patterns that affect the continental east coast and in particular the northeastern US and adjacent Atlantic Ocean. In this study we aimed to identify and examine any discernable associations between the variability in O 3 and CO captured in TES observations and springtime synoptic-scale atmospheric circulations which regulate transport and dispersion of pollutants in the North American export region.
Tropospheric O 3 levels in many locations in the Northern Hemisphere show a distinct seasonal variation with levels peaking in spring and remaining high during the summer months (Monks, 2000) . However, the frequency of midlatitude cyclones and anticyclones decreases in summertime and circulation over the eastern US and western North Atlantic tends to be dominated by the large persistent subtropical Bermuda/Azores High (Ziska and Smith, 1980; Bell and Bosart, 1989; Serreze et al., 1997; Key and Chan, 1999; Owen et al., 2006) . Therefore, in this study we focused on the spring, i.e., March, April, and May (MAM), and classified the TES retrievals for the 2005 and 2006 seasons by circulation type over a domain covering the eastern US, southeastern Canada and the adjacent western North Atlantic Ocean.
Data and methods

TES data
Aura is in near polar, sun-synchronous orbit around the Earth with an ascending equatorial crossing at approximately 13:45 local time (Schoeberl et al., 2006) (http://aura.gsfc. nasa.gov). Onboard Aura, TES scans the atmosphere in the infrared to measure O 3 and O 3 precursors such as CO. TES produces a 16-orbit Global Survey every other day while the alternate days are reserved for special observations over selected parts of the globe. For this study we used the TES Level 2 V002 Global Survey data (Osterman et al., 2007a) during MAM of 2005 and 2006. The nadir on-theground footprint is approximately 5.3 km×8.4 km (Bowman et al., 2002; Beer et al., 2001 Beer et al., , 2006 . The along-orbit spacing between footprints for the Global Survey runs was approximately 544 km before 25 May 2005 but improved to approximately 182 km after the limb scans were eliminated and replaced by an additional nadir scan (Osterman et al., 2007b) . Each orbit was approximately 22 • longitude apart. TES vertical coverage extends from 0-∼33 km and in cloudfree conditions the vertical resolution is approximately 6 km with sensitivity to both the lower and upper troposphere as well as the stratosphere (Bowman et al., 2002; Worden et al., 2004) .
Atmospheric parameters are retrieved from the measured TES radiances using algorithms described by Rodgers (2000) , Worden et al. (2004) and Bowman et al. (2002 . The retrieved vertical profiles can be related to the true profiles and a priori constraint profiles with the relationship:
The vectorsx,x and x c represent the retrieved, true and a priori constraint profiles, respectively. Since the measured TES radiances are affected by a significant vertical extent of the atmosphere, the true state at any given atmospheric level can influence the retrieved state values at many adjacent levels. The averaging kernel matrix A defines the contribution of each element of the true state vector to the retrieval at a particular pressure (or altitude) level. (Fig. 1 ). This vertical smoothing effect which varies from profile to profile based on the meteorological parameters such as temperature humidity and cloud cover as well as the vertical distribution of O 3 or CO must be factored into any interpretation of the TES measurements. A weakness of TES is its general inability to accurately measure boundary layer parameters for typical atmospheric conditions, except in regions where surface temperatures are over 300 K and the temperature contrast between the surface and the air is larger than 10 K . However, retrievals of the lower free troposphere may show evidence of pollutants recently lofted from the boundary layer. In the context of the vertically smooth averaging kernels of the TES measurements we consider the lower free troposphere to range from approximately 850-550 hPa. For that purpose we chose to examine the O 3 and corresponding CO distributions at the 681 hPa retrieval level for which TES should have good sensitivity. We also examined the distributions at the 316 hPa level to contrast the upper and lower tropospheric distributions and to gain insight into different mechanisms controlling the lower free tropospheric O 3 in the export region of North America.
The TES retrieval products contain diagnostic information and flags for screening out failed profiles or those with reduced sensitivity (Osterman et al., 2006b; Kulawik et al., 2006) . We used the general retrieval quality flag which removes the most suspect profiles. In addition, we screened for clouds since they can impact the retrievals. For instance, Kulawik et al. (2006) estimated that the TES sensitivity to O 3 below a cloud with an optical depth of 1.0 will drop to approximately 30% of the clear sky sensitivity. The TES retrievals included information on cloud optical depth and cloud top pressure. The choice of a cloud optical depth threshold is complicated by the fact that the sensitivity below the cloud is influenced not only by the cloud optical depth, but also the temperature, surface conditions, and O 3 concentration. However, simulations of O 3 retrievals seemed to indicate that errors in retrieved total column and tropospheric column in the presence of low clouds increased at optical depths of 0.75 and above (see Fig. 7 , . Therefore we screened out any retrieval with an average cloud optical depth in the 1000-1250 cm −1 O 3 retrieval band greater than this value. For consistency we used the same optical depth threshold for the CO retrievals but also included the average cloud optical depth in the 2000-2200 cm −1 CO band. We used cloud top pressure in combination with the cloud optical depth thresholds so that we would not screen out retrievals that were above the clouds with an additional small margin of error added to the reported cloud top. That is we only applied the cloud screening for 681 hPa retrievals with cloud top pressure <700 hPa and for 316 hPa retrievals with cloud top pressure <350 hPa. Finally, we screened the remaining data for overall measurement sensitivity at a particular retrieval level using the averaging kernel matrix, which is provided as a post-processing diagnostic. Retrievals were eliminated if the diagonal values at the analysis level (681 or 316 hPa) were less than 0.01.
TES retrievals use the optimal estimation approach described by Rodgers (2000) . The retrievals require an a priori constraint to ensure mathematical uniqueness. For O 3 and CO the constraint consists of a priori profiles and covariance matrices from a climatology developed using the MOZART model (Brasseur et al., 1998) . The climatological a priori is made up of MOZART profiles averaged monthly over 10 • ×60 • latitude-longitude boxes . The geographically variable a priori adds artificial structure, which can potentially obscure some of the real geographical variability of a trace gas. This artifact can be removed by reprocessing the TES O 3 and CO profiles with a universal a priori using a procedure developed by Zhang et al. (2006) . We generated a universal a priori by averaging all original a prior profiles in the 60 • N-60 • S band and reprocessed the TES O 3 and CO data following Zhang et al. (2006) . Hereafter in this study all of the TES data presented will refer to the reprocessed data.
Meteorological analyses
We used Global Final Analysis (FNL) data from the National Centers for Environmental Prediction (NCEP) to identify the predominant atmospheric circulation patterns over eastern North America and the North Atlantic Ocean during the time period [2000] [2001] [2002] [2003] [2004] [2005] [2006] . FNL products are available for 4 time intervals each day (00:00, 06:00, 12:00, and 18:00 UTC) on a 1 • ×1 • horizontal grid at the surface and 26 pressure levels between 1000 and 10 hPa (http://dss.ucar.edu/datasets/ds083. 2).
In addition, we used HYSPLIT (Draxler and Rolph, 2003 , http://www.arl.noaa.gov/ready/hysplit4.html) backward trajectories to aid us in determining the likely source regions for any O 3 and CO enhancements observed in the TES data downstream of North America. The HYSPLIT model was used in single trajectory and ensemble mode with both Global Data Assimilation System (GDAS) (Derber et al., 1991; http In the ensemble mode HYSPLIT generates a set of 27 trajectories by shifting the meteorological input fields by one grid point each in the east, west and vertical directions. By doing so the ensemble gives the probable range of possible trajectories from a given location. This is helpful for circulation patterns with a high degree of spatial variability in which a small error in the selection of the starting point or in the meteorological input fields can result in large differences in trajectory pathways.
We also investigated the link between observed tropospheric O 3 enhancements and stratospheric intrusions using isentropic potential vorticity from the NCAR/NCEP 2.5 • ×2.5 • Reanalysis (NNRA, http://www.cdc.noaa.gov/ cdc/reanalysis). The NNRA isentropic potential vorticity analyses were available 4 times per day (00:00, 06:00, 12:00, and 18:00 UTC) at 11 isentropic levels for 270, 280, 290, 300, 315, 330, 350, 400, 450, 550 , and −650 K. We interpolated these data to constant pressure levels to facilitate use with NCEP FNL analyses and TES retrievals which were also on pressure levels.
Circulation classification
Synoptic-scale circulation patterns over the North Atlantic were classified by applying the correlation-based map typing algorithm of Lund (1963) to the NCEP FNL sea level pressure (SLP) fields. This technique has been successfully applied to synoptic classification of summertime circulation patterns over the northeastern United States using the NCEP grids (Hegarty et al., 2007) . In brief, the algorithm calculates a correlation coefficient between the grids representing scalar meteorological analysis fields over a given spatial domain at different times. The map types are selected using a critical correlation coefficient (i.e., 0.6), and then all the days in a given study period are classified as one of these types based on the degree of correlation.
Typically either the SLP or upper-level geopotential height (GPH) fields are chosen to represent the circulation patterns in the map typing algorithm. We found that, in comparison to SLP, the classification of the upper-level GPH was much less accurate with many patterns being incorrectly classified based on our subjective judgment of a representative sample. This is because the upper-level GPH fields tended to have smoother and less distinct features than SLP. Therefore we settled on using the SLP fields which are usually correlated with the upper-level patterns and yet exhibit distinct synoptic features such as cyclones, anticyclones and frontal troughs.
The map typing domain extended from 35 • N to 50 • N latitude and from 80 • W to 50 • W longitude (Fig. 2a) . It covered much of the northeastern coast of the United States including the Washington D.C. to Boston megalopolis and extended eastward about a third of the way across the North Atlantic Ocean. The dimensions of the map typing domain were chosen to be just large enough to identify the unique synoptic features of each circulation pattern along the midlatitudes of the North American east coast, which we hypothesized to be important controls on pollutant export, but small enough to ensure accuracy in the synoptic classification. Synoptic patterns over larger domains are more difficult to classify because of the additional spatial variability inherently present over a greater area. To examine the larger-scale 
Synoptic circulation classification
We classified days based on six map types (denoted as MAM1-MAM6) identified for the spring seasons of 2005-2006 when TES V002 data were available. The map type frequencies and the important meteorological features associated with each map type are summarized in Table 1 . These six map types were representative of the circulation patterns on approximately 81% of the days in 2005 and 2006. Of course there were other patterns that might be relevant to export from North America, but they occurred too infrequently to enable a meaningful interpretation of their average export patterns and therefore they are not considered in this study.
Here we present a brief discussion as to how the six predominant patterns might relate to the major hypothesized transport pathways. In Sect. 4 we discuss in detail the impact of these circulation patterns on the tropospheric O 3 distributions observed by TES. Map type MAM1 was the most frequent pattern, occurring on 24% of the days in springs [2005] [2006] (Table 1) . It featured a large, intense, and closed low centered east of Newfoundland, Canada (Fig. 2a) , which was typically the result of a rapidly deepening cyclone migrating northeastward along the US east coast. Often these systems become so large and vertically deep that they disrupt the normal west to east progression of storm systems and they become quasistationary. Analysis of the sequencing of map types indicated that MAM1 typically persisted for 2-4 days in a row with a maximum duration of up to 10 days, particularly early in the season. The persistent pattern could thus produce a well-stirred region of the atmosphere that continuously interleaves air masses originating from many areas of the lower, mid-and upper troposphere as well as the lower stratosphere with the vertical layering allowing for mixing to occur at the boundaries of the air masses. Another characteristic of MAM1 was that the surface low was typically associated with a closed upper-level circulation that extended above the 300 hPa pressure level and with 400 hPa potential vorticity (PV) >1.4 potential vorticity units (PVU) on its western side (Fig. 3a) . The tropopause is typically defined as falling between 1 (Shapiro, 1987) and 2 PVU (Appenzeller et al., 1996; Lamarque et al., 1996; Parrish et al., 2000) . Therefore PV values over the range of 1-2 PVU extending down into the troposphere are typically regions of stratospheric intrusions. This indicates that in MAM1 stratospheric influence reached at least as low as the 400 hPa level in a region centered between the Canadian Maritimes and Newfoundland, which may explain the higher levels of the 681 hPa O 3 there as discussed in Sect. 4.1.
Map types MAM2 and MAM3 depict smaller and generally more mobile cyclones near the east coast (Fig. 2b-c) . These systems occurred on a total of 50% of the spring days in 2005-2006 and typically featured distinct ascending and descending air streams (Table 1 ). The WCB, one of the main ascending streams, is located to the east of the cold front and generally originates in the lower troposphere (Carlson, 1980; Eckhardt et al., 2004) . In the Northern Hemisphere the WCB is located on the eastern side of an upper level trough and ascends into the mid-and upper troposphere on a general southwest to northeast trajectory (Fig. 2b) . The WCB may be intercepted by the fast moving upper level winds that transport pollutants rapidly downstream of the cyclone. This process has been documented through aircraft measurements (Cooper et al., 2001 (Cooper et al., , 2002 Parrish et al., 2000; Stohl and Trickl, 1999; Stohl et al., 2003b; Trickl et al, 2003) . This transport pathway is also described by Owen et al. (2006) with regards to transport to the Azores.
Note that a part of the WCB, termed the secondary WCB, may branch off to the west and turn cyclonically around the center of the low. Steered by the northwesterly winds on the western side of the low the air mass can experience isentropic descent into the mid and lower troposphere (Fig. 2b) . This pathway could also be an important mechanism for transporting pollutants from the urban areas of the US east coast to the lower free troposphere of the western North Atlantic. The other major ascending air stream is the cold conveyor belt (CCB) (Fig. 2b) (Carlson, 1980) . For east coast cyclones this airstream typically originates from the lower troposphere over the ocean where it intercepts primarily aged air, but it can entrain pollution as it heads west across eastern North America. However, it occurs characteristically within very cloudy regions not conducive to photochemical production of O 3 (Cooper et al., 2001 (Cooper et al., , 2002 .
The main descending airstream of the cyclone is usually referred to as the dry airstream (DA) (Fig. 2b) because it transports drier air from the upper troposphere and lower stratosphere to the mid-troposphere with some strong systems allowing for direct transport to the lower troposphere (Carlson, 1980; Cooper et al., 2002) . Along with low humidity the air transported in the DA is also normally O 3 -rich and therefore influences the O 3 distributions of the lower troposphere (Cooper et al., 2001 (Cooper et al., , 2002 Merrill et al., 1996; Moody et al., 1996; Oltmans et al., 1996; Cooper et al., 2001 Cooper et al., , 2002 .
The differences in the map types MAM2 and MAM3 were mainly due to the position and history of the cyclones. The cyclones depicted in MAM2 were generally mature systems that had tracked from the central US to the Canadian Maritimes over several days. The WCB of these systems possibly encountered many high emission regions of eastern North America. The MAM3 map type depicted cyclones that developed along the US east coast with areas of easterly flow in northeastern states. In late spring the MAM3 pattern tended toward episodes of persistence as small cyclones developed along the coast to the east of an inland upper-level cut-off low, and then stalled along the coast or rotated back around the inland system. For example in both May 2005 and 2006 there were episodes of MAM3 which persisted for 6 days or more.
Map types MAM4-MAM6 featured anticyclones along the US east coast with cyclones well inland or out to sea, and thus for these map types WCB lofting of continental boundary layer air was less influential than for map types MAM2 and MAM3. However, the DAs to the rear of the ocean cyclones of MAM4 and MAM5 seemed to influence areas of the western North Atlantic Ocean as will be discussed in Sect. 4. Map type MAM6 occurring on only 7% of the days, featured a broader subtropical anticyclone centered off the east coast extending well out to sea and westward into the southeastern US with a cyclone well to the northeast near Labrador. Such a circulation pattern typically produces a large area of weak subsidence extending from the east coast to the central North Atlantic Ocean restricting synoptic-scale lofting of boundary layer pollutants to the free troposphere. Furthermore, the northerly location of the cyclone and its orientation shown in Fig. 2f suggests that the influence of the DA might also be weak throughout most of our study domain; leading to generally smooth pollutant distributions.
Association between O 3 distributions and circulation types
Composites of the 681 hPa and 316 hPa O 3 and CO for the entire season and individual map types were created by interpolating measurements from the orbital overpasses to a 1 • ×1 • grid using a Gaussian weighting scheme similar to that described in Luo et al. (2002) . If no observations existed within 350 km of a grid point, typically because of quality or cloud screening, this point was masked out of the analysis.
First, we created full seasonal composites for the 681 hPa O 3 and CO which included all the observations regardless of map type (Fig. 4) . The mean 681 hPa O 3 seasonal composite indicated elevated levels (55-65 ppbv) over the western Atlantic Ocean south of 45 • N, ∼1000 km downwind of the US (Fig. 4a ). There was a corresponding feature in the mean CO composite with mixing ratios of 115-125 ppbv forming a belt emanating from the US east coast that dissipated and narrowed before turning northeastward following the prevailing lower tropospheric wind flow (Fig. 4b) . In the area of highest CO extending from the US coast, between 75 • W -55 • W and 30 • N -45 • N (denoted hereafter as Region 1), we found a slight positive correlation of 0.22 between O 3 and CO with a slope of 0.13 mol mol −1 statistically significant at the p=0.01 level (Fig. 5a and Table 2 gradually dropped off to 50-55 ppbv, there was virtually no O 3 -CO correlation (Fig. 5b , Table 2 ). The correlation of observed O 3 and CO is a useful diagnostic indicator of the photochemical processing of an air mass, and the O 3 -CO slope value can be used to estimate the influence of exported anthropogenic pollutants and the efficiency of photochemical O 3 production (Parrish et al., 1993 (Parrish et al., , 1998 Mao et al., 2004) . A large number of measurements at surface sites in eastern North America have indicated that typical summertime O 3 -CO slopes range from 0.2-0.35 mol mol −1 (Parrish et al., 1993 (Parrish et al., , 1998 Chin et al., 1994; Mao et al., 2004) . Aircraft measurements during the NARE93 and ICARTT 2004 summer campaigns indicated similar slopes, which took place in the lower free troposphere just east of the North American coastline Zhang et al., 2006) . Fewer studies have been conducted for springtime, but analysis of spring measurements over 4 years in the 1990s at Sable Island, Nova Scotia indicated that the O 3 -CO slope increases dramatically from near zero in March to approximately 0.35 mol mol −1 in May (Parrish et al., 1998) .
We acknowledge that care must be taken in comparing the O 3 -CO slopes to earlier studies due to changing emissions of NO x and CO in North America over time which may have impacted typical O 3 -CO slopes (Parrish et al., 2006; Kim et al., 2006) . Nonetheless, our free tropospheric value of 0.13 mol mol −1 in Region 1 falls in the middle of this range and suggests that similar to summertime the pollutant plumes lofted to the free troposphere retain their near surface features. In Region 2, the lack of O 3 -CO correlation indicated no significant photochemical production due to either limited sunshine or the lack of fresh exported pollutants. The fact that this area showed a relative minimum in CO (Fig. 4b) suggests that the lack of exported pollutants was a more critical factor.
The seasonal composites of Fig. 4 and the seasonal O 3 -CO slopes showed strong evidence of continental export to the lower free troposphere. However, it should be noted that the cloud screening removed approximately 36% of the 681 hPa retrievals from the composite analyses and therefore the distributions are more representative of clear-sky or thin cloud cover conditions. Crawford et al. (2003) made the case using data from the TRACE-P aircraft campaign that pollutant levels should have a positive bias in cloudy areas. Therefore, the actual export signal could be even greater than that depicted in the TES composites. The export signal captured by TES comes mainly from portions of cyclonic airstreams conducive to export but with thin or broken cloud cover as is discussed in Sect. 5.
All the TES retrievals for the months of March -May 2005 and 2006 were also grouped based on the map type classification for the calendar day of the orbital overpass. The resulting composite distributions for 681 hPa O 3 and CO for each of the six map types are shown in Fig. 6 . Composites of HYSPLIT 4-day back trajectories for each map type in Region 1 and for MAM1 in Region 2 were created to help illustrate some of the transport patterns into these regions and are shown in Figs. 7 and 8 , respectively. The trajectory composites were created by launching a single back trajectory using GDAS meteorological data from each of the TES locations in the respective regions from an altitude of 3500 m a.m.s.l. which approximately corresponded to the 681 hPa pressure level. Additionally composite distributions for 316 hPa O 3 and CO for each map type are shown in Fig. 9 . The O 3 and CO distributions corresponding to each of the six map types are discussed in Sects. 4.1-4.3 which follow.
MAM1
The 681 hPa O 3 levels for MAM1 were slightly elevated (∼55-60 ppbv) in a region extending from the Canadian Maritimes and Newfoundland southward over the western North Atlantic Ocean (Fig. 6a) . The circulation pattern, featuring the intense persistent low near Newfoundland, produced distinct chemical characteristics in Regions 1 and 2 reflected in the O 3 -CO relationship (Fig. 6a , g, Table 2 ). Region 1 had a large offshore area of 681 hPa composite O 3 mixing ratios ranging from 55 to 60 ppbv corresponding to a belt of slightly elevated CO (120-125 ppbv) ( Fig. 6a and  g ). The presence of both elevated O 3 and CO levels in Region 1 produced a positive O 3 -CO slope of 0.12 mol mol −1 which was statistically significant at the p=0.10 level (Table 2) indicating some anthropogenic influence. The composite of back trajectories indicated that the majority of the air arriving in this region descended from the mid-and upper troposphere on northwesterly flow, as would be expected given the pressure pattern of MAM1 (Figs. 2a and  7a ). However, a few trajectories ascending from the Gulf Coast area could have injected anthropogenic pollutants into the large circulation systems which may explain the positive O 3 -CO correlation. These ascending trajectories, 30% of which passed below 700 hPa over North America (Table 3), were associated with the mobile cyclones preceding the development of the large semi-stationary cyclone or other smaller ones that may have traveled southeastward along the southwest corner of the main circulation. In addition approximately 20% of the 4-day back trajectories had circulated around from the eastern side of the low center, predominantly from altitudes below 600 hPa, following a long ascending path through northeastern Canada before arriving back in Region 1 on descending northwesterly flow. This long path suggests that any pollutants entrained into these types of closed circulation patterns from this region could potentially circulate around the large system over several days with gradual dilution and chemical transformation, which would contribute to the relatively uniform moderate enhancements in O 3 and CO levels.
Region 2 featured O 3 mixing ratios 60-65 ppbv and relatively low CO (100-105 ppbv in the center of the region (Fig. 6g) , which yielded a negative O 3 -CO correlation of r=−0.16 (Fig. 5b, Table 2 ). This region was also associated with an extensive area of elevated O 3 (>160 ppbv) at the 316 hPa level (Fig. 9a) and elevated PV values (>1.5 PVU) at the 400 hPa level (Fig. 3a) . These factors, combined with a lack of ascending trajectories over continental sources of pollutants (Fig. 8) , suggested that the enhanced tropospheric O 3 mixing ratios in Region 2 over the Canadian Maritimes and Newfoundland were likely a result of stratospheric inputs associated with the deep low pressure system. It should be cautioned that this enhancement in 681 hPa O 3 could also be partly a result of a shift toward higher altitudes (400-500 hPa) of the peak 681 hPa O 3 averaging kernels (not shown) in retrieval calculations. The shape of the averaging kernels can be impacted by non-related meteorological parameters such as temperature, water vapor, and clouds, and by the vertical distribution of O 3 itself. Therefore, this shift could just be a reflection of the greater concentrations at higher altitudes and may not extend all the way down to 681 hPa.
MAM2 and MAM3
The smaller and more dynamic cyclonic systems located near the US coast in MAM2 and MAM3 produced O 3 and CO composite distributions with greater spatial contrast compared to those in MAM1. At 681 hPa there was a general area of enhanced O 3 mixing ratios (>60 ppbv) extending from just off the US coast to ∼50 • W south of ∼45 • N (Fig. 6b  and c) . Enhanced O 3 roughly corresponded to enhanced CO (>120 ppbv), particularly near the US coast ( Fig. 6h and i) . The location of the enhanced O 3 and CO near and to the east of storm centers and downwind of the US coast suggests that lofting of the pollutants from the continental boundary layer by the WCB airstreams played a major role in producing the enhanced O 3 levels for these map types.
The 4-day back trajectory composites for MAM2 and MAM3 showed that the majority of trajectories arriving in Region 1 came from the south and west which is consistent with WCB flow (Fig. 7b and c) . Some of the trajectories showed a circulation around the back of the low center in the secondary WCB branch passing over urban areas of the northeastern US. Furthermore, 44-52% of the trajectories passed below the 700 hPa level and 17-33% passed below the 800 hPa level over the continent before finally being lofted to the 681 hPa level (Table 3) . These percentages are notably greater than for any other map types and help explain the greater O 3 and CO levels in this region due to a stronger influence of WCB lofting. The fact that the percentages of lofting trajectories for MAM2 and MAM3 are only slightly greater than for a random sampling of locations, shown in the last row of Table 3 , may be partly explained by the fact that the locations of the good TES retrievals are biased towards areas with less cloud cover. We caution that trajectories based on 1 • ×1 • meteorological data may not accurately resolve the transport from the continental boundary layer and these percentages should be used to gauge the relative likelihood of receiving boundary layer air.
There were some differences in the 681 hPa O 3 and CO distributions between MAM2 and MAM3. For example the area of high O 3 over the ocean for MAM2 was generally off of the US coast at latitudes north of the Carolina states, whereas for MAM3 it extended all the way to the coast and even inland. In addition, the CO enhancement in MAM3 was less and dropped off to the east more quickly than in MAM2. These differences are due in part to the circulation patterns. The MAM2 circulation featured a low over land with basically westerly to southwesterly flow at the coast, while the high and low pair in MAM3 resulted in an easterly component to the flow along the northern parts of the coast. Thus, for MAM2 the pollutants would be transported away from the coast, while for MAM3 some of the continental outflow might be re-circulated back toward the coast.
In general, we found that the 681 hPa O 3 and CO observations for map types MAM2, and MAM3 were positively correlated at r=0.27 and r=0.32, respectively, in Region 1 with corresponding positive slopes of 0.19 and 0.20 mol mol −1 both significant at the p=0.10 level (Fig. 10, Table 2 ). These slopes are much lower than those reported by Zhang et al. (2006) , who calculated a slope of 0.81 mol mol −1 and a correlation of r=0.53 for lower tropospheric TES measurements near this region. However, this may be partially explained by the fact that their measurements were in July for a more compact region centered further south, while ours included a larger region centered further north and included the months of March and April when photochemical production is reduced.
Since WCB lofting to the upper troposphere is an important mechanism for continental export of pollution, we examined the TES 316 hPa composites for evidence of this transport mechanism. The CO composites showed areas of enhanced CO off the southeastern US coast particularly for MAM2 and MAM3. Correspondingly there were areas of enhanced CO in the lower troposphere ( Fig. 6g and h ). However, while most of the single GDAS 4-day back trajectories launched from each of the locations of the 316 hPa TES observations in this region showed general ascent from the south and west only 10% went below 700 hPa over the continent (not shown). In fact, even when the higher resolution EDAS data was used only one of the back trajectories for the 3 days in which 316 hPa CO was greatest (>115 ppbv) briefly encountered (<3 h) the lower troposphere (below 700 hPa) over the continent (not shown). In actuality pollutants were possibly lofted to the upper troposphere by convection, as suggested in previous studies (Kiley and Fuelberg et al., 2003; Li et al., 2006 and Kim et al., 2008) , that was associated with the cold fronts of the passing cyclones. However, convection may not always be well resolved by the EDAS (40 km grid spacing) and GDAS (1 • ×1 • grid spacing) meteorological data input to the trajectory models.
The 316 hPa composite CO for MAM2 did suggest continental export in the region just southeast of Newfoundland with CO>150 ppbv. An ensemble of backward EDAS trajectories, launched from locations of TES 316 hPa observations for 2 of the 3 days coincident with the highest CO mixing ratios in this region suggested the sources were boundary layer air over the US Central Plains mixing with air that had traveled near the surface from the western Gulf of Mexico and near the Los Angeles Basin (not shown). Presumably air masses with fresh emissions from the east coast ascended slowly while moving rapidly in a general northeastward direction in the WCB and thus would not yet have reached this level within the confines of our study domain.
In addition to WCBs the DAs of the cyclones in MAM2 and MAM3 may have contributed to the O 3 enhancements at 681 hPa, primarily in the northern areas of the study domain, by transporting stratospheric air down to lower tropospheric levels. For example, enhancements in 681 hPa O 3 over Nova Scotia in MAM2 and over the Mid-Atlantic states and New England for MAM3 corresponded to slightly enhanced 316 hPa O 3 , 400 hPa PV >1 PVU, and descending back trajectories (Figs. 3b, c, 6b, c, 7b, c, and 9b, c) . All these factors together imply stratospheric or upper tropospheric influences. However, in general, the 316 hPa and 681 hPa distributions of O 3 showed little spatial correlation, which reflected the different dominant processes at the two levels. That is, contributions from continental boundary layer pollution played a significant role in the lower troposphere over western North Atlantic Ocean, especially south of 45 • N, while there was greater stratospheric influence in the upper troposphere at more northern latitudes.
MAM4, MAM5 and MAM6
The map types MAM4 -MAM6 featured predominantly anticyclonic flow along the east coast which generally seemed to reduce the continental export to the free troposphere over the western North Atlantic Ocean compared to MAM2 and MAM3. For both MAM4 and MAM5 there were enhanced 681 hPa O 3 levels (>55 ppbv) over the western North Atlantic Ocean extending from the coast of Florida northeastward to east of Newfoundland and further out to sea ( Fig. 6d and e) . However, for these two map types the areas of enhanced 681 hPa CO did not always correspond to the areas of higher O 3 levels. Meanwhile for MAM6, both O 3 and CO at 681 hPa were generally low over most of the western North Atlantic Ocean. Overall, our interpretation of the composites for MAM4-MAM6 was made more difficult by the low frequency of occurrence of these map types. This together with the strict quality and cloud screening left too few points of coincident O 3 and CO observations available for calculating statistically significant slope and correlation values. We therefore did not include them in Table 2 and focused on the flow characteristics depicted in the SLP, PV and back trajectory composites. For MAM4 some pollutants could have been circulated around the back of the cyclone further east in the Atlantic leading to enhanced O 3 and CO at 681 hPa near 60 • N and 55 • W (Fig. 6d and j) . However the general area of high 681 hPa O 3 extending from east of Newfoundland southwestward to just east of Bermuda was associated with a wide range of CO levels from 105-140 ppbv ( Fig. 6d and  j) . Therefore we looked for evidence of stratospheric or upper tropospheric influence and found that the 316 hPa O 3 composite showed a lobe of high O 3 extending southwestward from the central North Atlantic to west of Bermuda and composite back trajectories showed descending flow from higher latitudes southward to the lower troposphere over the mid-latitudes of the western North Atlantic Ocean (Fig. 7d) . While the PV composite at 400 hPa did not indicate deep ozone intrusions (Fig. 3d) that might explain the enhanced O 3 at 681 hPa it is possible that short-lived stratospheric intrusions that were not evident in the seasonal PV average transported high O 3 air to the lower troposphere that remained there even after the intrusion dissipated. Unfortunately, further interpretation is limited by the sparse TES data coverage and the limited frequency (<7% of the days) of this map type.
For MAM5 the enhanced 681 hPa O 3 and CO off the coast of the southeastern US was possibly produced by WCB lofting of continental pollutants as the cyclones preceding the anticyclone tracked off the coast as suggested by a few trajectories of the composite analysis (Figs. 2e, 6e, k and 7e) . The very enhanced CO inland over the southeastern US was coincidental and primarily reflected extreme measurements ranging from 144-191 ppbv on 20 April 2006, that were possibly a result of outflow from convective storms over Texas from the previous day being incorporated into the descending flow behind a somewhat larger and more intense MAM5 cyclone. There were other areas of enhanced O 3 over the ocean that corresponded to relatively low CO (<110 ppbv), e.g., the area near 40 • N and 60 • W. For this region, likely in the DA of the cyclone, enhanced O 3 at 316 hPa (Fig. 9e) , PV>1 PVU at 400 hPa (Fig. 3e) , and descending back trajectories initiated at the locations of the 681 hPa TES observations (Fig. 9e) all suggested stratospheric inputs as the cause. It should be noted that as with MAM1 there was a corresponding shift toward higher altitudes of the 681 hPa O 3 averaging kernels in this region. However, for MAM5 the averaging kernel peaks shifted upward to only 500-550 hPa and thus it seems more likely that for MAM5 the high levels of 681 hPa O 3 retrieved by TES in this region were actually due to high O 3 air making it all the way down to lower altitudes of the free troposphere.
The lowest 681 hPa O 3 levels in the western North Atlantic Ocean corresponded to circulation patterns of MAM6. For this map type composite O 3 levels in the western Atlantic were generally <55 ppbv with many areas, especially close to the US east coast, being <45 ppbv (Fig. 6f) . The 681 hPa CO mixing ratios were also low in this region with composite values generally <110 ppbv with many areas <105 ppbv (Fig. 6l) . We hypothesize that the large anticyclone centered near Bermuda and extending westward into the eastern US and eastward well out to sea produced large-scale subsidence conditions which were unfavorable for lofting pollutants into the lower free troposphere. The only area of enhanced 681 hPa O 3 in the western North Atlantic Ocean was near Newfoundland and was likely associated with stratospheric intrusions. This area featured enhanced 400 hPa PV (Fig. 3f ) and a region of enhanced 316 hPa O 3 with levels exceeding 160 ppbv (Fig. 9f) .
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Export case studies
The composite figures of O 3 and CO include instantaneous measurements from different times and locations, whereas the map types reflect the average state of circulation patterns. Naturally it is difficult to make a direct link between the two when the temporal and spatial scales of a pollution event and a weather system are not directly comparable. There are indeed many details in O 3 and CO distributions that need to be interpreted using instantaneous measurements. We thus examined individual cases to determine the likely export pathways. Two examples discussed in this section illustrate how pollutants are transported from the continent to the lower free troposphere over the western Atlantic Ocean by cyclones under specific map type conditions. Both involve transport via the WCB but depict different locations for the O 3 enhancements with respect to the position of the cyclone. The first example was a case of MAM2 on 2 April 2006 when high O 3 and CO at 681 hPa was measured by TES in the main branch of a WCB. On 31 March a compact surface low pressure system was located over the upper Midwest and a surface high pressure was located just off the South Carolina coast producing general southwesterly flow from the eastern Gulf of Mexico toward the northeastern states. The low pressure center tracked eastward and elongated in the north-south direction during the next two days while the high moved further off shore. By 12:00 UTC the surface low center was located over eastern Quebec with a sharp trough extending southward just off the east coast (Fig. 11a) .
The TES retrieved 681 hPa O 3 exceeded 70 ppbv and 681 hPa CO exceeded 140 ppbv near the intersection of 40 • N and 60 • W during the afternoon ascending overpass (Fig. 11b) . From the cloud pattern the high pollutant levels appeared to be in the WCB branch of the cyclonic system. On the northwestern side of the cloud band marking the WCB the O 3 level decreased to 45-50 ppbv and CO to ∼120 ppbv. An ensemble of backward trajectories using EDAS meteorological data (Fig. 11c ) from near the locations of elevated O 3 and CO retrievals confirmed that these parcels were part of a slowly ascending airstream passing over the southeastern US boundary layer and eastern Gulf of Mexico during the previous 2-3 days where they potentially entrained anthropogenic pollutants.
The WCB is often an area of thick cloudiness obscuring satellite measurements of lower tropospheric O 3 and CO. For example, in Fig. 11b the orbit is clearly interrupted by the cloud band and resumes on the other side. However, this case demonstrated the ability of TES to measure at least some of the impact of WCB outflow on western Atlantic O 3 levels.
In the second example high O 3 and CO at 681 hPa occurred in mainly clear skies behind the main WCB region on 7 April 2006, a day also classified as MAM2 (Fig. 12) . A low pressure center tracking into southern Canada from the Midwest on 3 April spawned a secondary development off the New York and New Jersey coast on 4 April (Fig. 12a  and b ). This new low center became the primary low as it tracked northeastward into the Canadian Maritimes on 7 April (Fig. 12c) .
At approximately 06:00 UTC 7 April TES measured high 681 hPa O 3 (>70 ppbv) and CO (120-185 ppbv) on the descending Aura overpass which occurred just south of 40 • N and near 63 • W (Fig. 12d ). An ensemble of HYSPLIT backward trajectories using EDAS meteorological data showed that air parcels passed over the urban areas of the northeastern US in the lower troposphere before ascending into the middle troposphere. In the meantime these air parcels moved northeastward into southeastern Canada then turned cyclonically to the west and eventually southeastward toward the ocean while descending back to the lower troposphere (Fig. 12e) . Some of the ensemble members remained in the boundary layer over the east coast urban areas before being lofted into the mid-troposphere by the developing storm system on 4 April. These backward trajectories and coincident high CO and O 3 together suggest that the high mixing ratios behind or to the west of the storm center and main WCB were influenced by export of pollutants from the urban northeast corridor of the US. This is an important finding because while Owen et al. (2006) report a case of high CO attributed to lofted continental pollutants that descended on the back side of a cyclone, generally high O 3 levels in the lower troposphere to the west of the surface low center have been linked to O 3 -rich air descending from the upper troposphere or stratosphere in the DA (Cooper et al., 2001 (Cooper et al., , 2002 Moody et al, 1996; Merrill et al., 1996; Oltmans et al., 1996) . The trajectories of our case followed the same general track as the secondary WCB branch designated as W2 by Cooper et al. (2001) , in which high O 3 levels were attributed to stratospheric air mixed into the polluted air of the WCB. However, since most of the back trajectories for our case remained in the lower or middle free troposphere and CO levels were high it is possible that a significant amount of the O 3 enhancement was due to anthropogenic contributions. Thus, this case suggests that the W2 branch may also be an important pollutant export stream capable of influencing the O 3 levels over the western North Atlantic Ocean. 
Evolution of continental outflow
Tying the O 3 and CO distributions in the central North Atlantic Ocean to the map types is challenging for a number of reasons. First, the map typing domain only extended eastward to 50 • W and therefore the classification of the synoptic types did not directly consider the circulation dynamics in the center of the Atlantic Ocean. Second, the NCEP meteorological analyses used in map typing and trajectory calculations are based on fewer observations over the ocean and are therefore subject to greater errors. Third, the central North Atlantic Ocean is more distant from the sources of anthropogenic pollutants which allows for dilution and chemical transformation of exported plumes. Nevertheless, the TES composite distributions do show some interesting features which we discuss briefly in this section.
The polluted continental air in the free troposphere appeared to have been diluted as it was transported toward the central North Atlantic Ocean as the mixing ratios of CO at 681 hPa noticeably dropped off to below 120 ppbv east of 55 • W (Fig. 4b) . A few studies have presented global distributions of spring CO columns from AIRS, MOPITT and SCIAMACHY satellite instruments that show a similar decrease in CO levels away from the North American coastline (Buchwitz et al., 2007; Warner et al., 2007; Tangborn et al., 2009 ). In addition Edwards et al., 2004 showed this decrease was evident in AIRS and MOPITT 500 hPa distributions during the summer. However, unlike CO levels, the 681 hPa O 3 levels increased gradually from the US east coast until approximately 60 • W and then leveled off and remained at almost the same levels across the Atlantic Ocean (Fig. 4a) . In addition the seasonal mean O 3 -CO slope increased to 0.17 mol mol −1 in Region 3 from a value of 0.13 mol mol −1 in Region 1 (Table 2) , indicating more net O 3 increase and/or slower loss rate of O 3 than that of CO. As for Region 1, the slope in Region 3 was statistically significant at the p=0.01 level. This increase in slope in Region 3 was also evident in each of the most frequent map types MAM1-MAM3 as these ranged from 0.20-0.29 mol mol −1 and were all statistically significant to at least the p=0.10 level (Table 2) .
One possible explanation for the slower loss rate of O 3 compared to CO, which is consistent with the increased O 3 -CO slopes, is that O 3 continued to be produced in the plume during transport (Mao et al., 2006) . Summertime observations at a mountain top site in the Azores have indicated O 3 -CO slopes near 1.0 attributed to air masses in North American outflow events having undergone days of photochemical processing, producing the high O 3 -CO slopes (Honrath et al., 2004) . Another possible explanation for the slower decrease of O 3 level compared to CO is that contributions from the upper-level air transported downward in the descending DA of cyclones further east may have enhanced the lower tropospheric O 3 keeping levels high.
In terms of the map type composite distributions, the 681 hPa CO seemed to drop off more gradually toward the east in MAM1 than for the other map types (Fig. 6) . The composite of GDAS 4-day back trajectories for Region 3, generated as in Fig. 7 by launching a single trajectory from each of the TES 681 hPa locations, indicated that this part of the central North Atlantic Ocean was significantly influenced by the eastern edge of the WCB extending from North America as the cyclones of MAM1 swept northeastward toward Newfoundland (Fig. 13) . Interestingly, the WCB of MAM1 has a stronger influence in Region 3 than for Region 1 as discussed in Sect. 4 and this is due to the eastern location and large size of this low pressure system. For map types MAM2-MAM5, the trajectory composites showed a variety of pathways suggesting that pollutants exported from North America had been re-circulated and mixed with descending air from the upper troposphere and lower stratosphere diluting CO while keeping O 3 levels enhanced (Fig. 13b-e) . The area of enhanced 681 hPa CO near the southeastern corner of the domain for MAM6 which resulted from just a small number of observations exceeding 140 ppbv seemed to be an anomalous feature that could not be traced back to any continental source using 4-day back trajectory analysis. Thus the actual source was likely very distant and the feature not representative of the expected CO concentrations for this circulation pattern. Overall there still seemed to be some connection between TES distributions in the central North Atlantic Ocean and the map types, particularly when comparing the CO distribution for MAM1 with those of the other map types, though clearly it was not as strong as for the regions closer to the North American coastline.
Summary
The springtime tropospheric O 3 and CO distributions constructed using the 2005 and 2006 TES measurements exhibited notable variability over 6 map types (MAM1-MAM6) representing the predominant circulation patterns over eastern North America and the western North Atlantic Ocean. The highest O 3 and CO levels in the lower free troposphere of the western North Atlantic Ocean were associated with map types MAM2-MAM3 featuring cyclones near the east coast of the US. We hypothesize that these elevated levels were due to lofting of anthropogenic pollutants from the continental boundary layer via the WCB of cyclones. Case studies for the cyclonic map type MAM2 demonstrated using back trajectories that retrievals of elevated 681 hPa O 3 and CO could be attributed to air parcels encountering the polluted continental boundary layer before being brought to the lower free troposphere by the WCB.
An important finding emerged from this study that boundary layer pollutants were exported to the lower free troposphere via a secondary branch (W2) circling around to the back of the cyclone center, in addition to the widely studied transport route facilitated by the main branch to the east of the cold front. This result suggested an additional mechanism for O 3 enhancement in the region which had been considered to be influenced mainly by stratospheric intrusions facilitated by the DA airstream. Also, since this region is typically clearer than the main WCB branch where clouds may obscure many of the TES measurements it is potentially an important region for studying North American export using satellites.
The TES O 3 composites also revealed evidence of stratospheric intrusions associated with the cyclones depicted in the map types. Overall, these features were most pronounced north of 45 • N in the western North Atlantic Ocean. However, a complicating issue was that in these regions the averaging kernel tended to shift to higher altitudes and thus observed increases in the 681 hPa O 3 levels were partly due to the fact that the TES retrieval was weighted more toward the upper troposphere.
Composites of TES O 3 and CO retrievals showed the main export band extending from 30 • N to 45 • N with a seasonal O 3 -CO slope of 0.13 mol mol −1 at 681 hPa ranging up to 0.20 mol mol −1 for the most favorable circulation patterns. The O 3 -CO slopes derived from TES at 681 hPa were consistent with those derived from in situ measurements at ground sites and from aircraft in the lower free troposphere downwind of urban and industrial areas of North America (Parrish et al., 1993 (Parrish et al., , 1998 Daum et al., 1996; Zhang et al., 2006) and were generally statistically significant at the p=0.10 level or better. Once over the ocean the pollutants became diluted as evident from the drop off in CO levels to the east of 55 • W. However, O 3 levels continued to be elevated presumably due to photochemical production and in some cases transport of O 3 down from the upper troposphere in the DAs of cyclones further east.
There are limitations associated with using satellite retrievals to examine in detail the highly variable tropospheric O 3 distributions, namely the obscuring effects of clouds, the low vertical resolution (i.e. broad averaging kernel peaks), and lack of boundary layer sensitivity. However, the TES retrievals captured a high degree of variability with circulation patterns that was consistent with previous studies of North American export. Therefore, TES measurements incorporated into detailed observational and modeling systems should enable improvements to be made in the study of continental export.
